Reduced expression of the Gad1 gene-encoded 67-kDa protein isoform of glutamic acid decarboxylase (GAD67) is a hallmark of schizophrenia. GAD67 downregulation occurs in multiple interneuronal sub-populations, including the parvalbumin-positive (PVALB+) cells. To investigate the role of the PV-positive GABAergic interneurons in behavioral and molecular processes, we knocked down the Gad1 transcript using a microRNA engineered to target specifically Gad1 mRNA under the control of Pvalb bacterial artificial chromosome. Verification of construct expression was performed by immunohistochemistry. Follow-up electrophysiological studies revealed a significant reduction in γ-aminobutyric acid (GABA) release probability without alterations in postsynaptic membrane properties or changes in glutamatergic release probability in the prefrontal cortex pyramidal neurons. Behavioral characterization of our transgenic (Tg) mice uncovered that the Pvalb/Gad1 Tg mice have pronounced sensorimotor gating deficits, increased novelty-seeking and reduced fear extinction. Furthermore, NMDA (N-methyl-D-aspartate) receptor antagonism by ketamine had an opposing dose-dependent effect, suggesting that the differential dosage of ketamine might have divergent effects on behavioral processes. All behavioral studies were validated using a second cohort of animals. Our results suggest that reduction of GABAergic transmission from PVALB+ interneurons primarily impacts behavioral domains related to fear and novelty seeking and that these alterations might be related to the behavioral phenotype observed in schizophrenia.
INTRODUCTION γ-Aminobutyric acid (GABA) is the main inhibitory neurotransmitter in the mammalian central nervous system. GABA synthesis is primarily performed by the 67-and 65-kDa isoforms of glutamic acid decarboxylase enzymes (GAD67 and GAD65), which are respectively encoded by the Gad1 and Gad2 genes. 1 They differentially contribute to GABA production, 1 and in mice, deletion of the Gad1 gene (and the resulting lack of GAD67) results in~90% reduction of brain GABA levels and is lethal. 2 GABAergic interneurons are diverse 3, 4 with 420 types of interneurons regulating the function of only three types of glutamatergic cells in the hippocampus. 5 They can be classified based on their laminar location, molecular content, electrical properties, synaptic targets and many other criteria. 3, 4, 6 Perhaps, the most important and distinguishing feature of the various interneuronal cell types is their molecular content: GABAergic cell types typically express either calcium-binding proteins parvalbumin (PVALB), calretinin or calbindin, or the neuropeptides cholecystokinin (CCK), neuropeptide Y (NPY), somatostatin (SST) or vasointestinal peptide in a mostly non-overlapping pattern. 3, 4, 6 It appears that these interneurons serve different functions and fine-tune complex neuronal networks.
PVALB-expressing interneurons make up~50% of the neocortical interneuron population and come in two main varieties: fastspiking basket and chandelier cells that innervate pyramidal cell soma and axon initial segments, respectively. 1, 6 PVALB+ interneurons also inhibit other interneuron population that target the proximal dendrites of projection neurons, providing a complex control of neural networks. 7 Neocortical PVALB+ cells are essential for driving cortical gamma oscillations in mice, which human studies suggest are essential for normal working memory. 1 GABAergic, especially GAD1/GAD67, expression disturbances are an integral part of schizophrenia pathology and pathophysiology. [8] [9] [10] Levels of Gad1 mRNA 11 and protein 12, 13 have been found consistently decreased in the neocortex and hippocampus of subjects with schizophrenia and this deficit appears to be present in multiple interneuronal cell types. 9, 14, 15 In particular, the GAD67 deficit is prominent in PVALB-positive interneurons, 1 with~50% of these cell showing non-detectable GAD67 levels.
MATERIALS AND METHODS
All animal procedures were performed in accordance with the guidelines of the American Association for Laboratory Animal Science and approved by the Vanderbilt University Institutional Animal Care and Use Committee.
Pvalb/Gad1 mouse generation RP24-306A6 BAC, containing the mouse parvalbumin (mPvalb) locus (Chr15: 78 126 251-78 255 940, NCBI Build 38.1), was purchased from the BACPAC Resource at the Children's Hospital of Oakland Research Institute (https://bacpac.chori.org/). The presence of the mPvalb locus in RP24-306A6 was verified by restriction enzyme digest mapping. The mPvalb gene itself is located on the negative strand of Chr15: 78 191 117-78 206 351. Besides mPvalb, RP24-306A6 BAC carried an additional gene, mRabl4. mRabl4 knockout BAC was generated by removing 2670 bp (exons 2-4) via homologous recombination. The mRabl4 -BAC was transformed into EL250 Escherichia coli cells (kind gift of Dr Neil Copeland, NCI, Bethesda, MD, USA). A BAC targeting construct was inserted into pSTBlue-1 plasmid vector (Novagen, Madison, WI, USA) in two steps. First, Pvalb 5′ (170 bp) and 3′ (180 bp) homology arms were PCR generated and cloned into pSTBlue-1. Next, a β-globin minigene containing a Gad1 targeting microRNA in an intronic location was released from a previously engineered construct 17 and inserted at the 3′ end of tdTomato into ptdTomato-N1 vector (Clontech, Mountain View, CA, USA). The adjacent tdTomato and β-globin minigenes were then released from ptdTomato-N1 and inserted between the 5′ and the 3′ Pvalb homology arms into pSTBlue-1. The final mPvalb targeting construct carried Pvalb 5′ and 3′ homology arms surrounding tdTomato, β-globin minigene and an FRT-flanked neomycin resistance cassette. The targeting fragment was then released using AgeI restriction enzyme (New England BioLabs, Ipswich, MA, USA) and electroporated into EL250 cells containing mRabl4 − RP24-306A6 BAC for homologous recombination into mPvalb. The resulting BACs were screened by PCR and confirmed with restriction mapping and sequence analysis for correct modifications. Finally, the E. coli strain containing the modified BAC was treated with arabinose to induce the expression of FLP recombinase, which removed the FRT-flanked neomycin resistance cassette. Proper recombination was confirmed with restriction mapping and sequence analysis of the region of interest. The modified RP24-306A6 BAC was isolated with alkaline lysis and purified with Sepharose CL-4B chromatography as described previously. 23 Tg mice were generated by injection of circular modified BAC into fertilized C57BL/6 mouse oocytes by the University of California Irvine Transgenic Mouse Facility. Tg founder mice were identified by PCR by using construct-specific primer pairs. Mouse genotyping of subsequent generations was performed at weaning (P21) from 2 mm tail samples. The samples were digested in 245 μl DirectPCR (Tail) (Viagen Biotech, Los Angeles, CA, USA) and 5 μl Proteinase K (Clontech, Mountain View, CA, USA) overnight at 55°C, and then incubated at 85°C for 45 min. PCR genotyping of samples was performed using 5′-GTGAACGTGGATGAAGTTGG-3′ (forward) and 5′-GCAGGCAACG ATTCTGTAAA-3′ (reverse) primers at 60°C annealing temperature, yielding a 178 bp amplicon. For simplicity, we will refer to the Tg animals as Pvalb/Gad1 mice in the further text.
Immunohistochemistry
For IHC, four animals were anesthetized with isoflurane and transcardially perfused with cold Ringer's solution containing 2% lidocaine HCl (20 mg ml − 1 ) and heparin (1000 USP units per ml) followed by 4% paraformaldehyde. Brains were harvested as described previously. 19 Immunostaining for tdTomato was performed with a 1:200 diluted mouse anti-DsRed antibody (Clontech, Mountain View, CA, USA). For PVALB immunostaining, we used a 1:5 000 dilution of rabbit anti-PVALB primary antibody (Swant, Marly, Switzerland). CCK-stained sections were incubated with rabbit anti-proCCK (a generous gift from Dr Andrea Varro, Institute of Translational Medicine, University of Liverpool, UK; 1:1000) for 72 h at 4°C, whereas NPY staining was performed using rabbit anti-NPY primary antibodies (Sigma, St Louis, MO, USA; 1:1000). For fluorescence visualization, goat anti-rabbit Alexa Fluor 488 and goat anti-mouse Alexa Fluor 568 secondary antibodies were used (Life Technologies, Carlsbad, CA, USA) at 1:250 dilution. DAPI (4',6-diamidino-2-phenylindole) staining was performed using 3 min incubation in 300 nM DAPI (Sigma, St Louis, MO, USA). Rinsed brain slices where mounted on slides and coverslipped in ImmunoMount (Fisher Scientific, Pittsburg, PA, USA). Imaging was performed using the EVOS imaging system and microscope (Life Technologies).
Behavioral experiments
Animals. Male C57Bl/6 J mice (3-4 months of age at the start of testing) were used in all experiments. All animals were housed in groups of two to five. Food and water were available ad libitum. All mice were kept on a 12 h light-dark cycle.
Behavioral assessment. Behavioral evaluation was performed in the Vanderbilt Murine Neurobehavioral Laboratory. Three-to four-month-old male mice were handled for 5 days before the beginning of behavioral testing. Before each testing session, mice were brought from the animal housing room into an anteroom outside each testing room and acclimated for 1 h under red light. Consecutive tests were at least 24 h apart. Experimenters were blinded to genotypes. All equipment was cleaned with Vimoba solution (Quip Laboratories, Wilmington, DE, USA) between animals to reduce odor contamination. Two independent cohorts of Pvalb/Gad1 Tg and wild-type (Wt) littermates were used for all behavior experiments (first cohort: n = 12 Tg and n = 11 Wt; second cohort; n = 12 Tg and n = 10 Wt). Mice were evaluated on the following battery of tests as described previously: 18, 19 (1) 10 min open field exploration, (2) Irwin screen (including 90 dB acoustic Preyer reflex) and battery of neuromuscular measures (grip strength, rotor rod and swim speed) and (3) fear conditioning. Briefly, trace fear conditioning was assessed using a wellvalidated protocol for mice 24 that was modified to include extinction measures. 19 Twenty-four hours after a 12 min habituation session, mice returned to the training chamber and received six tone/footshock pairings (70 dB, 20 s tone; 0.5 mA, 2 s shock). After 24 h, they were placed back into the training environment and tested for context fear conditioning in the absence of tone or shock, and then placed in an alternative context where the tone was presented multiple times in the absence of footshock to evaluate cued fear conditioning and extinction. Cued fear extinction was defined as the magnitude of reduction in freezing behavior from the first to the last testing trial. Detailed methods for these tasks can be found in Brown et al. 18 and Schmidt et al. 19 (4) 0-Maze and y-maze, (5) sensorimotor gating -prepulse inhibition, (6) social interaction and social odor investigation, (7) locomotor activity and exploration in response to 3 mg kg − 1 amphetamine (AMPH) challenge were recorded as described previously. 18, 19 The 3 mg kg − 1 dose was chosen based on previous studies in mice. 19, 25 Additional tests included (i) novel object investigation, (ii) light-dark exploration, (iii) water maze and (iv) locomotor and exploration in response to ketamine.
Novel object investigation: A novel object was secured in the center of a white plastic box (50 × 50 × 40 cm 3 ); lighting in the room was 600 lx. Mice were allowed to explore for 10 min. Locomotor activity was video-recorded and analyzed by ANY-maze software (Stoelting, Wood Dale, IL, USA). Light-dark exploration: Mice were placed into the light side of a two-chambered box. The clear plastic light side (15 × 30 × 20 cm 3 ) connected to a dark plastic chamber through a 5 × 7 cm 2 opening. Boxes were housed inside ventilated sound-attenuating chambers and lit with overhead lights. Infrared photocells across each side detected the location of the mouse and the time spent in each compartment, locomotor activity and the number of transitions between boxes. These parameters were scored by MED-PC software (MED Associates, Georgia, VT, USA). Water maze. This test was performed with both cued, place and probe trials over the course of 7 days as established. 26 In brief, all trials were no more than 1 min long, with each mouse receiving four trials per day-two back-to-back with 1 h between the two blocks of trials. Days 1 and 2 were cue trials in which the submerged platform was marked by a stick at its center. Days 3-7 were place trials using room cues to find the platform, and a single probe trial was performed on days 5 and 7. Ketamine challenge experiments. Tg mice and Wt littermate controls received single intraperitoneal injections of either 2.5 or 5 mg kg − 1 ketamine dissolved in sterile 0.9% NaCl (Patterson Veterinary Supply, Devens, MA, USA) and immediately placed in beam-break chambers for evaluation. Locomotor and exploratory activity, including rearing, was collected over 15 min habituation and 75 min after drug injection phases. Each activity chamber consisted of a transparent (30 × 30 × 20 cm 3 ) polystyrene enclosure surrounded by a frame containing a 4 × 8 matrix of photocell pairs. MED Activity software (MED Associates, Georgia, VT, USA) tracked total ambulation (whole body movements) and rearing counts.
Statistical analyses of behavioral data. The data are a single cohort of 11 Wt and 12 Tg animals; however, all statistically significant findings (P ⩽ 0.05) were also replicated in an independent second cohort 10 Wt and 12 Tg mice. All experiments were analyzed in a blinded manner using ANY-maze or GraphPad software (GraphPad Software, La Jolla, CA, USA). As described in our previous studies, 18, 19 Analysis of variance models containing one between-class variable and at least one within-class variable were used to analyze the behavioral data. We determined appropriateness of analysis of variance models by considering the distributions of the variables studied and by the sample's homogeneity of variance. Greenhouse-Geisser adjustment was used for all within-subjects effects containing more than two levels to protect against violations of the sphericity/ compound symmetry assumptions when repeated-measures analysis of variance are used. Bonferroni correction or Tukey's test was used to maintain prescribed α-levels (P = 0.05) when multiple comparisons were conducted. Percent extinction was calculated as % chance from the first to the last extinction trial.
Electrophysiology
Brain slice preparation for electrophysiology. Three-week-old male Wt and Tg mice were deeply anesthetized with isoflurane, then transcardially perfused with ice-cold high sucrose, low Na + -containing artificial cerebral spinal fluid (ACSF) and killed by decapitation. Following decapitation, the brain was quickly removed, and a 3 mm coronal block containing the frontal cortex was cut using an ice-chilled, coronal brain matrix. Thereafter, hemisected coronal slices (250 μm) were made using a Leica VT1000S vibratome (Leica Microsystems, Bannockburn, IL, USA) in a 1-4°C oxygenated (95% v v − 1 O 2 , 5% v v − 1 CO 2 ) high sucrose, low Na + -containing ACSF composed of (in mM): 208 sucrose, 2. 3 Na-pyruvate and 20 glucose. Thereafter, slices were placed in a submerged recording chamber where they were continuously perfused with oxygenated ACSF (30-32°C) at a flow rate of 2-3 ml min − 1 . For all electrophysiology experiments, except for those examining spontaneous excitatory postsynaptic currents (sEPSCs), the ACSF was supplemented with 2-amino-5-phosphonopentanoic acid sodium salt (AP-5; 50 μM) and 6-cyano-7-nitroquinoxaline-2,3-dione disodium salt (CNQX; 20 μm) to block NMDA-and AMPA-receptor-mediated transmission, respectively. For these experiments, three mice (Bregma 1.90-2.40 mm) were used per experimental condition. To isolate sEPSCs, the ACSF was supplemented with the GABA A receptor antagonist, picrotoxin (50 μm) (Bregma 1.98 mm). Two Wt and one Tg mice (Bregma 1.98 mm) were used for sEPSC analyses.
Whole-cell recordings. Whole-cell recordings were obtained from pyramidal cells in layer V of the prelimbic (PL) region of the prefrontal cortex (PFC). Cells were visualized using Nikon microscopes (Nikon Instruments, Melville, NY, USA) equipped with differential interference contrast videomicroscopy. Spontaneous inhibitory postsynaptic currents (sIPSCs) and membrane properties were recorded using pipettes pulled from borosilicate glass For sIPSC and sEPSC recordings, pyramidal cells were held at − 70 mV. For current-clamp experiments, membrane potential was maintained near − 70 mV with current injection. Offline data analysis was performed using Clampfit 10.2 (Molecular Devices, Sunnyvale, CA, USA) and Mini Analysis (Synaptosoft, Decatur, GA, USA) programs.
Statistical analyses
Statistical analyses were performed using GraphPad Prism 6.01 and Mini Analysis (Synaptosoft). Statistical significance between the means of two independent groups was assessed using two-tailed unpaired t-test. Cumulative probability plots were analyzed by Kolmogorov-Smirnov test. Statistical significance is indicated as follows: ****Po0.0001 or NS (not significant). Averaged data are presented as means ± s.e.m.
Drugs and chemicals
AP-5 and CNQX are gifts from the National Institute on Mental Health Drug Supply Program. Pvalb/Gad1 Tg animals show reduced GABAergic synaptic transmission To test the functional consequences of the molecular inactivation of the PVALB+ interneurons, we performed whole-cell voltageand current-clamp recordings from pyramidal neurons found in Layer V PL-PFC prepared from Tg and Wt littermates. This region was chosen for recording as PVALB+ interneurons have a critical role in working memory, and PVALB interneuron dysfunction in the frontal cortex has been well-documented in both schizophrenia and corresponding animal models.
RESULTS

IHC validation of
1,27-29 Initially, we recorded sIPSCs in the presence of CNQX and AP-5 to isolate GABAergic transmission. Our examination revealed a significant reduction (P = 0.0001; n = 13 per condition) in sIPSC frequency in Tg as compared with Wt animals (Figures 1a and b) . However, there was no significant change in the amplitude of measured sIPSCs (P40.05; n = 13 per condition). These results suggest a reduction in the probability of GABA release or the number of release sites/number of GABAergic synapses onto layer V PL-PFC pyramidal neurons as a result of Gad1 mRNA knockdown. One concern with any genetic manipulation is the possibility of compensation masking the true role of your gene of interest. However, loss of Gad1 transcript does not affect the kinetics of sIPSC currents (Figures 1c and d ; n = 13 per condition) nor does it significantly change measures of membrane excitability as determined by resting membrane potential (Figure 1e ; n = 10-11 per condition) and input resistance, as well as neuronal excitability, rheobase current or action potential latency measurements (Figures 1f and i ; n = 11-12 per condition). Notably, Gad1 mRNA knockdown had no effect on the frequency or amplitude of layer V PL-PFC sEPSCs, further confirming that our genetic manipulations had their primary effect on the GABAergic system (P40.05; n = 8-9 per condition; Supplementary Materials 5A and B).
In summary, the combined IHC and electrophysiology data suggest that the Gad1 transcript reduction in PVALB-expressing Insets show that average sIPSC frequency (Hz), but not amplitude (pA), is significantly reduced in Tg as compared with Wt PL-PFC pyramidal neurons (P = 0.0006 and P = 0.3939, respectively; n = 13 per condition). (c-i) Reduction of GAD1 does not change the kinetic IPSC properties or the intrinsic excitability of layer V PL-PFC pyramidal neurons. No significant changes were observed in the average (c) sIPSC rise (ms; P = 0.9297, n = 13 per condition ) or (d) decay time (ms; P = 0.6919, n = 13 per condition), (e) resting membrane potential (mV; P = 0.3141, n = 10-11), (f) input resistance (MΩ; P = 0.7469, n = 11-12), (g) action potential firing frequency (Hz; P40.05 n = 11-12), (h) rheobase current (pA; P = 0.8465, n = 11-12) and (i) latency to first action potential (ms; P = 0.6713, n = 11-12). ***P o0.001; number of cells per experimental conditions is also indicated in bar graphs. NS, not statistically significant. Error bars represent s.e.m.
interneurons results in a functional reduction of GABAergic transmission at PL-PFC GABAergic synapses.
Pvalb/Gad1
Tg animals have pronounced sensorimotor gating deficits Prepulse inhibition is a behavioral task used to assess sensorimotor gating in both rodents and humans. 30 Patients with schizophrenia show a heightened sensitivity to stimuli and a deficit in prepulse inhibition, 30, 31 and this endophenotype can also be assessed in rodent animal models. 32 Pvalb/Gad1 Tg animals, when compared with their Wt littermates, showed heightened startle responses at low sound intensities (70 dB; P = 0.01) and did not respond with a normal increase in prepulse inhibition with progressively louder stimulus intensities (76-88 dB; P = 0.001) (Figure 2a) . Importantly, this initial sensitivity to stimuli did not appear to be caused by a general increase in anxiety, as Tg were indistinguishable from Wt littermate in both 0-maze and lightdark field exploration tests (Figures 2b and c) . Basal acoustic startle levels (Supplementary Material 6C) were preserved and hearing deficits between the Tg or Wt animals were not detected in the Irwin screen. Finally, Tg and Wt animals had a similar performance of the Y-maze alternation test (Figure 2d ).
Pvalb/Gad1 Tg animals demonstrate increased novelty seeking
In standard open field tests, Tg and Wt animals showed comparable locomotor activity and preference for the periphery. Likewise, both groups showed normal balance and grip strength (Supplementary Materials 6A and B) . In contrast, when a novel object was introduced to the center of the open field, Tg animals spent significantly more time investigating the object (P = 0.05) (Figures 3a and b) . Furthermore, the time the Tg animals spent investigating the object was also qualitatively different (movie in Supplementary Materials 7 and 8), with the Tg animals physically touching and interacting with the object far more frequently than the Wt littermates. This increased novelty seeking was not limited to novel object investigation, but was also seen during social interaction tests: Tg animals spent significantly more time investigating the novel mouse (P = 0.05) compared with Wt, as well as compared with time spent investigating a familiar mouse (P = 0.01) (Figure 3c ). This increase in novelty seeking was not the result of olfactory system disturbances, as response to odors was comparable between the Tg and Wt mice (Figure 3d ). Similar novelty-seeking behavior has been previously described in patients with schizophrenia, 33, 34 and literature findings suggest that this behavior might be controlled via dopamine signaling in PVALB-expressing interneurons. [35] [36] [37] Pvalb/Gad1 animals show reduced fear extinction During classical fear conditioning, animals quickly learn to associate a discrete cue (tone) with a noxious stimulus (footshock), and will exhibit freezing behavior in response to the cue, before the shock is applied during training or in the absence of shock during testing. During the learning phase of conditioned fear, Tg animals demonstrated normal fear acquisition (Figure 4a ). However, the Tg animals showed altered fear extinction: over the course of nine re-exposures to the conditioning stimulus alone (tone) with no foot shock, Wt animals showed a 50% reduction in the freezing behavior, whereas Tg animals only reduced their freezing behavior by 20% over the extinction trial (P = 0.001) (Figure 4b) . Importantly, contextual and cue based memory were not affected in Tg animals (data not shown). These data suggest that GABA-egic inhibition of PVALB+ interneurons is required for normal fear extinction and it raises the possibility that the loss of PVALB+ interneuron-mediated inhibition can lead to the persistence of fearful behavior. Pvalb/Gad1 animals show an intriguing response to ketamine challenge Pharmacological challenges are useful (and often necessary) to reveal the deficits in neurotransmitter systems that underlie the various behavioral disturbances. 15 To reveal complex deficits in behavior, and assess the glutamatergic and dopaminergic status in the animals, we challenged them with ketamine and AMPH. Ketamine was chosen based on previous associations between NMDA hypofunction and PVALB interneurons, 28, 38 whereas AMPH was tested due to previously documented molecular-behavioral interactions between the GABAergic and dopaminergic systems. 19, [39] [40] [41] Tg and Wt mice showed comparable response to 3 mg kg − 1 AMPH 19, 25, 42, 43 challenge (data not shown), suggesting that the observed behavioral changes were not driven by GABAergic modulation of the dopaminergic system. Ketamine, an NMDA antagonist, has been used to model some of the symptoms of schizophrenia. [44] [45] [46] [47] As PVALB+ interneurons are known to regulate projection neurons expressing NMDA receptors, 20, 48 we exposed the Tg and Wt animals to subanesthetic doses of ketamine (2.5 and 5 mg kg − 1 intraperitoneal injection). Tg and Wt animals showed a similar ambulatory response (Figures 5a  and b) , indicating normal overall locomotor function. However, the Tg group showed an intriguing rearing response to ketamine. At a dose of 2.5 mg kg − 1 Tg animals revealed a higher rearing behavior (P = 0.0001) (Figures 5c and e) , whereas at a higher dose of 5 mg kg − 1 , this response was reversed: the Tg animals showed significantly lower rearing compared with Wt littermates (P = 0.001) (Figures 5d and f) . These findings suggest that the behavioral effects of NMDA receptor antagonism are dosedependent in our mice and that the differential dosage of ketamine might have divergent effects on behavioral processes. Extinction was defined as change in freezing behavior from first tone presentation to the last one compared with total freezing at the end of the training phase.
DISCUSSION
In the current study, we generated and validated an interesting animal model that is relevant for understanding the behavioral control by PVALB+ interneurons and might advance our understanding of mechanisms that underlie behavioral disturbances in schizophrenia. In summary, our data revealed that Pvalb/Gad1 Tg animals show (1) reduced GABAergic synaptic transmission in layer V PL-PFC, (2) altered sensorimotor gating deficits, (3) increased novelty-seeking phenotype, (4) diminished fear extinction; and (5) divergent dose-dependent responses to ketamine. Interneuronal and GABAergic disturbances in schizophrenia are complex, 9, 29, 49 affect multiple interneuronal cell types 14 and do not appear to be a consequence of disease treatment or progression. 1 More specifically, disturbances in PVALB+ interneurons 16 appear to be a hallmark of the schizophrenia disease process, 1 and multiple indirect lines of evidence suggest that the reduction of GAD67 expression in this interneuronal subpopulation is (at least partially) responsible for cognitive deficits seen in patients. 1, 27, 28, [50] [51] [52] However, it is important to realize that our Pvalb/Gad1 Tg model (just like no other animal model) does not fully recapitulate all the phenotypic features of schizophrenia. Yet, we believe that understanding the individual cellular and molecular building blocks of behavior is a promising approach to gain disease-relevant knowledge, 19 and the findings of our current study might be related to behavioral features of schizophrenia in several ways. First, patients with schizophrenia show increased impulsivity and altered novelty seeking, 33, 34, 53 and related behaviors were also altered in the Pvalb/Gad1 animals. Second, our Tg mice show reduced fear extinction, which might be linked to the increased fearfulness of patients with schizophrenia, and potentially paranoic ideation. [54] [55] [56] [57] In a broader context, fear extinction measures adaptive learning and cognitive flexibility, which is also disrupted in schizophrenia. 58 Third, altered sensorimotor gating is observed in both the human patient population and the Pvalb/Gad1 mice. 32, 59, 60 These findings underscore the view that deficits of PVALB+ interneurons are directly related to certain phenotypic features of the disease and do not merely represent a consequence of altered glutamatergic drive, which is also altered in the disease. [61] [62] [63] Finally, these data complement the recent findings that interneuron precursor transplants in adult hippocampus reverse schizophrenia-relevant features in a mouse model of hippocampal disinhibition. 64 Our results are also interesting in a mechanistic context: inhibition is a key feature necessary for refining behavior to provide appropriate response to the environment. 65 Recently, in light of human post-mortem findings of GAD67 deficits across multiple interneuronal sub-populations, 14 and using the same BAC-driven/microRNA silencing technology, 17 we generated three other Tg animals, each silencing Gad1 in a different ). Total ambulation was unaffected by either dose (a and b). However, rearing behavior was strongly reduced in transgenic animals over Wt (P o0.0001) (c and e) in response to 2.5 mg kg − 1 ketamine, whereas a higher dose of 5 mg kg − 1 resulted in a significant increase in cumulative rearing events in the Tg animals (P o0.001) (d and f). These findings argue that NMDA receptor antagonism might have dose-dependent effects on behavioral processes in the context of PVALB+ interneuron dysfunction.
sub-populations of interneurons (NPY, CCK and cannabinoid receptor 1-CNR1). 18, 19 The results of these studies, combined with the data presented here, paint a very intriguing and complex picture. Npy/Gad1 animals displayed reduced anxiety-like behavior in using the elevated zero maze and light-dark box paradigms and reduced aversion to the light box compared with littermate controls. Furthermore, they showed increased preference for social novelty and a trend toward investigation of social odors. Importantly, Npy/Gad1 animals show extremely increased responses to AMPH over that observed in littermate controls. 19 Yet, the same animals had preserved sensorimotor gating and hippocampal learning and memory, including contextual fear conditioning. In contrast, Cck/Gad1 Tg animals exhibited decreased locomotor activity, increased interest in several nonsocial odors and reduced AMPH response, with no other domains of behavior affected. 19 In addition, Gad1 inhibition in CNR1+ interneurons results in altered amygdalar fear extinction, heightened preference for social novelty and reduced AMPH response. Although it is clearly an oversimplified view, based on the combined data one might argue that PVALB+ interneurons are primarily coupled to the glutamate system, whereas NPY+ and CCK+/CNR1+ interneurons are primarily linked to behavior through the dopamine/serotonin systems in an opposing manner. These discoveries underscore the concept that neurotransmitter systems cannot be studied independently and that disrupting GABAergic signaling might result in behavioral readouts related to glutamatergic, dopaminergic, serotonergic and perhaps other neurotransmitter signaling mechanisms. In addition, an important question remains unanswered by our studies-when do the observed changes arise? Is the developmental trajectory disrupted from early developmental stages leading to diverse changes in the brain and behavior or are the results produced by a state of GABA system dysfunction in adulthood? These important questions deserve comprehensive developmental studies and should be assessed across the various BAC-driven Gad1-silenced models that we have generated (PVALB, NPY, CCK, somatostatin and CNR1). 15, [17] [18] [19] These overall findings argue that the hypothesis of Herrick, 66 almost a century ago, was correct: fundamental anatomical building blocks govern complex behavioral responses. Yet, while we are starting to understand the contribution of individual cell types to modulation of behavioral domains, it would be wrong to assume that their combined effect will result in a simple summation: the interaction between deficits in the various anatomical 'building blocks' will almost certainly result in qualitatively novel, and perhaps unexpected behaviors. Furthermore, understanding the interactions between neurotransmitter systems, various cell types and the behavioral domains they control and testing them in the context of environmental challenges 67, 68 during susceptible periods of development might be critical for understanding and treating major psychiatric disorders, as many of these factors may converge to produce common dysfunction 9 or transitions between disorders along a spectrum. 69 Deciphering these interactions will remain a significant biological, clinical and bioinformatics challenge for a considerable time.
